GPS collars have revolutionized the field of animal ecology, providing detailed information on 29 animal movement and the habitats necessary for species survival. GPS collars also have the 30 potential to cause adverse effects ranging from mild irritation to severe tissue damage, reduced 31 fitness, and death. The impact of GPS collars on the behavior, stress, or activity, however, have 32 rarely been tested on study species prior to release. The objective of our study was to provide a 33 comprehensive assessment of the short-term effects of GPS collars fitted on scimitar-horned oryx 34 (Oryx dammah), an extinct-in-the-wild antelope once widely distributed across Sahelian 35 grasslands in North Africa. We conducted behavioral observations, assessed fecal glucocorticoid 36 metabolites (FGM), and evaluated high-resolution data from tri-axial accelerometers. Using a 37 series of non-standard regression models, we illustrate clear but short-term effects to animals 38 fitted with GPS collars. Behavioral observations highlighted a significant increase in the amount 39 of headshaking from pre-treatment levels, returning below baseline levels during the post-40 treatment period (>3 days post-collaring). Similarly, FGM concentrations (i.e., stress hormones) 41 increased after GPS collars were fitted on animals but returned to pre-collaring levels within 5 42 days of collaring. Lastly, tri-axial accelerometers, collecting data at eight positions per second, 43 indicated a > 480 percent increase in the amount of hourly headshaking immediately after 44 collaring. This post-collaring increase in headshaking was estimated to decline in magnitude 45 within 4 hours after GPS collar fitting. These effects constitute a handling and/or habituation 46 response (model dependent), with animals showing short-term responses in activity, behavior, 47 and stress that dissipated within several hours to several days of being fitted with GPS collars.
1). 156 We split the study into three periods (pre-treatment, treatment, and post-treatment) 
Behavior Description Abbreviation
Standing (Head Up) Animal is stationary and/or feeding on food items placed in a raised feeder. Head is higher than the shoulder.
HU

Standing (Head Down)
Animal is stationary and/or feeding on food items on the ground. Head is lower than the shoulder.
HD Laying
Animal is stationary with legs folded and body in contact with the ground.
LAY
Headshaking
Animal is quickly rotating its head, left to right or forward to backward.
HDSK
Scratching
Animal is applying pressure with muzzle, teeth, horns or hooves while moving rapidly over a small area of the body.
SCRATCH Locomotion
Animal is engaged in locomotion, moving from one point to another. 197 198 We predicted that irritation behaviors (e.g., headshaking, scratching) would increase after representing an adrenal response (models 2-4 above), we expected a lag of one day in peak FGM 288 levels after collaring, due to the time it takes hormones to enter the circulatory system and for 289 metabolites to be detected (i.e., gut passage time; [27, 28] ). Here, β 0 represents the mean initial FGM level and β 1 represents the change in hormone levels 317 between breakpoints k 1 and k 2. We assumed a continuous parameterization for the breakpoint 318 parameter, k 2 , indicating the day when FGM levels were no longer elevated after handling, 319 allowing this parameter to have an equal prior probability of occurring on days 2 through 10.
LOCO
196
320
Separate models were fit for control and treatment animals, providing a comparison to 321 animals that were not fitted with a GPS collar but may be affected by disturbances caused during 322 collaring related activities. Best fitting models were identified by performing leave-one-out 323 cross validation, selecting the model that minimized the sum of squares error. Results were then subtracted from the raw values to determine dynamic acceleration -the 357 acceleration resulting from movement [49, 51] . In addition to static and dynamic acceleration, to decline to half its initial magnitude. Although the exponential process theoretically assumes 428 headshaking never reaches its asymptote at baseline levels, we believe this model is a reasonable 429 approximation for observed habituation since the expected difference from baseline after several 430 half-lives is likely insignificant relative to background hourly variation. a level below the Pre-treatment baseline (median: 0.03; CI: 0.02 -0.04) (Fig 2) . This is 439 consistent with a short-term effect that was detectable during the period 0 -3 days post-collaring 440 (i.e., Pre-treatment < Treatment > Post-treatment). Laying and scratching behaviors were also 441 observed to significantly change from the Pre-treatment period. In both cases, however, the 442 resulting behaviors declined in the Treatment and/or Post-treatment periods (Fig 2) . These were also observed frequently (> 20% and > 14%, respectively). In our study, we accounted for the potential correlation of behavioral responses within 10-minute observation periods and found 461 that many behaviors were strongly correlated. Specifically, we found that head up, headshaking, 462 locomotion, and scratching often occurred in combination within observation periods 463 (correlation coefficient: > 0.6; Fig 3) . These behaviors showed negative or weak positive 464 correlations with head down or laying behaviors (correlation coefficient: < 0.3; Fig 3) .
465
Headshaking most often occurred when animals' heads were raised (correlation coefficient: 0.82; 466 Fig 3) . A full summary of predicted probabilities for all behaviors across treatment periods is 467 provided in Appendix S4. The best-fitting model for animals fitted with GPS collars was the Handling Response model 477 (Fig 1) . This model outperformed the other candidate models (provided in Appendix Using a series of non-standard regression models, our results demonstrate that captive scimitar-554 horned oryx experienced limited short-term effects after being fitted with GPS 555 collars. Importantly, these effects subsided to pre-collaring levels within a few hours to a few 556 days of collar fitting, most closely constituting a combination of handling (FGM analyses) and 557 habituation (Accelerometer analyses) responses, with animals adapting to being physically 558 restrained and adjusting to the device. Importantly, none of our analyses indicated long-term 559 adverse effects that would have more serious animal welfare concerns. This is especially true 560 when considering the significant benefit of using GPS collars to improve our understanding of 
563
Accelerometry data showed that headshaking declined in magnitude by half every 4 564 hours after GPS collar fitting, pinpointing the time it takes for collaring effects to subside. In 565 addition to the valuable information provided to wildlife researchers, these data should also assist 566 in the ongoing discussion with the general public, providing quantitative information on the time 567 it takes for animals to adjust to being fitted with tracking devices (see also [13] [14] [15] [16] [17] 37] ).
568
Although our sample sizes are small, our results were consistent across individuals monitored 569 and are the first to quantify the time it takes for headshaking to return to normal levels after GPS 570 collaring fitting. Accelerometers, however, are unable to provide pre-collaring data, underlying 571 the importance of alternative forms of evidence. We estimated the 'background' rate by 572 evaluating the contribution of the harmonic models at capturing the daily periodicity in 573 headshaking, assumed to be a close analogue to a pre-collaring baseline.
574
Behavioral ethograms have been widely used to assess subtle changes in behavior over 575 time (e.g., MacNulty et al., 2007; Packard et al., 2014) . In our study, behavior observations were 576 collected across all treatment periods, demonstrating that headshaking increased significantly 577 after collars were fitted and decreased below pre-treatment levels during the post-treatment 578 period. This result aligned directly with findings from our other two methodologies, even though 579 the length of the treatment period was pre-defined, rather than estimated, in our analyses. The 580 decline in headshaking during the post-treatment period could indicate a continued negative 581 response to the collar, with animals shaking their heads less to limit collar movement and 582 potential irritation. Locomotive behavior (walking/running), however, remained unchanged 583 throughout the entire study period, as did the position of the head of animals (head up or head 584 down) while standing/feeding, an initial concern of partners involved in the reintroduction.
585
Other studies (e.g,. Nussberger and Ingold, 2006) have observed that collars can impede normal 586 feeding behavior, a situation to be avoided.
587
Glucocorticoid analyses provided valuable information on baseline conditions that would 588 otherwise be difficult to obtain. Successfully incorporated to investigate the effects of radio- benefit to the monitoring of populations during reintroduction efforts.
600
Although negative effects from collars appeared to be limited in our study, there may be 601 other indirect effects that may not be apparent for some time after devices have been fit on 602 animals. Device-induced drag on migrating seabirds, for example, may result in increased energy 603 expenditure and result in a loss in body condition and/or increased mortality risk [66, 67] . In the 604 case of reintroduced oryx, the burden of the GPS collar could be a concern if it incurs an 605 additional energy cost to the animal, especially as animals acclimate to their new surroundings. appropriately test devices prior to deployment. This could identify potential problems prior to 626 deployment, saving thousands of dollars in tagging and travel costs, and further our 627 understanding of species-specific effects.
628
We worked directly with each manufacturer and were able to provide direct feedback to 629 improve the fit of each device prior to reintroduction efforts. In six of ten animals included in 630 this study, we noted mild to moderate rubbing on their mandibles and/or neck ridgelines, Chad in 2018, were exacerbated by the collar. In some cases, these effects were so severe that 639 collars were remotely removed via a drop-off mechanism to reduce infection and allow the skin 640 to heal. however, also have potential risks and may burden their carriers with additional stress, causing 656 injury or even death [74] . Our study found no such animal welfare concerns from GPS collars 657 fitted on captive scimitar-horned oryx. While we are unable to disentangle the effects of animal handling from the effects related solely to GPS collars themselves, we illustrate that significant 659 effects in behavior, activity, and FGMs dissipate quickly after animals are fitted with a GPS 660 collar. We encourage further investigation into the long-term effects of these revolutionary 661 devices to the field of movement ecology, but concur with similar studies ([14-17,37,78] ) that 662 find no evidence that should preclude their use. 
